In this work, needle-like and micro-spherical agglomerates of nanocrystalline hydroxyapatite (HA) were successfully assembled on the surface of graphene sheets with the aid of dopamine having two roles, as a template and a reductant for graphite oxide during the process of self-polymerization. The crystalline structure and micromorphology of HA can be conveniently regulated by controlling the mineralization route either with a precipitation (cHA/GR) or biomimetic methodology (bHA/GR). Both the composites exhibit improvements of ∼150% and ∼250% in sensitivity towards the sensing of ammonia at room temperature, compared with that of bare graphene. The combination of the multi-adsorption capability of HA and the electric conductivity of graphene is proposed to be the major reason for the observed enhancements. Gas sensing tests demonstrated that the HA/GR composites exhibit excellent selectivity, high sensitivity and repeatable stability towards the analytical sensing of ammonia.
Introduction
Environmental pollution caused by combustion from vehicles, agricultural sector and industrial leakages of toxic chemicals and gases is one of the most serious problems facing our society. [1] [2] [3] Amongst various environmental pollutants, ammonia is one of the most widely existing toxic chemicals resulting from various common sources, such as intensive farming, automobile exhaust gases, air-conditioners and the chemical industry. Ammonia is irritating to the respiratory system, skin and eyes, 4,5 with short-term exposure to a high ammonia concentration leading to fatal or severe long-term respiratory system damage and lung disorders.
Currently, ammonia sensors are widely used in environmental analysis, automotive monitoring and the chemical industry to provide with a safe and pleasant environment. In order to meet the requirements of these applications, semi-conducting metal oxides 6, 7 and conducting polymers 8 have been extensively investigated and utilized to construct commercial sensing devices. However, each kind of sensing material has respective drawbacks. Specifically, a metal oxide based sensor has high sensitivity and low detection limit, but its selectivity is not satisfactory, while conducting polymers have excellent selectivity and high sensitivity, but poor regeneration property. Additionally, all these materials need to operate at a relatively high temperature. 9 Nowadays, nanotechnology is intensively explored in fabricating gas sensing materials to improve the comprehensive performance and indeed some significant progress has been made, 10 but the cost and the power consumption are very high. Therefore, there is still an urgent need to develop new ammonia sensors which are reliable, inexpensive, with lower operating temperatures and can provide useful analytical outputs.
Since 2004 graphene, a two dimensional monolayer of sp 2 carbon in a honeycomb-like network, has attracted tremendous scientific and technological interest due to its intriguing physical, chemical and mechanical properties. 11 Moreover, based on its unique microstructures and high quality of the crystal lattice, graphene has been considered as an outstanding candidate for gas sensing applications owing to its high sensitivity and low electronic noise. 12 Novoselov's group firstly demonstrated that graphene based sensors are capable of detecting individual gas molecules (e.g., NH 3 , CO, NO 2 , H 2 O, and ethanol) through gas-induced changes in resistivity. 13 Thereafter, researchers have been endeavoring in improving the sensitivity, stability, and selectivity of graphene based gas sensors through decoration with nanoparticles, such as metals, 14 metal oxides, 15, 16 organic crystals, 17 conductive polymers, 18 and metal-organic frameworks. 19 Although there are some achievements, its application in ammonia sensing is restricted by its unsatisfactory sensitivity and drift of the sensing signals due to weak retention forces caused by the small size of ammonia particles (0.3 nm) 20 and its low adsorption heat upon graphene (very close to the heat of vaporization). 21, 22 To address these issues, Camille Petit et al. functionalized graphene with copper based metal-organic frameworks, which exhibit a porous structure with functional groups providing a substantial number of adsorption sites for ammonia. 23 Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HA) is extensively applied as a medical implant material for its similar composition and structure to the natural bone mineral apatite. 24, 25 In addition, it has various other applications, such as in chromatography, 26 biosensors, 27 catalysts 28 and ion-exchange. 29 HA has also attracted wide attention for its applications in gas sensing 30 and fuel cells 31 related to its porous nature and ionic conductivity. It has a lattice of hydroxyl ions (OH − ) located at the center of Ca 2+ triangles along the c-axis of a hexagonal unit cell. 32 An ionic conducting mechanism in HA has been proposed and accepted by researchers. The transfer occurs through an OH − ion interacting with the double bonded oxygen of -PO 4 groups, because the distance between two adjacent OH − ions is too large (0.344 nm). 32 Moreover, the surface of HA possesses several P-OH groups, which act as adsorption sites for various molecules, such as H 2 O, CH 3 OH, and CH 3 I. 33, 34 The nanocrystalline and porous nature of HA powder plays a vital role in the adsorption of a large number of chemical gases. 35, 36 However, for pure HA based gas sensors, the response is low and the operating temperature is relatively high, in comparison with that of semiconductor based gas sensors. Some studies have tried to improve the gas sensing property of HA by swift heavy ion irradiation and doping of Si, Fe and Co, [37] [38] [39] [40] but the enhancement is relatively limited. Actually, HA is a kind of one-dimensional ionic conductor and the conductivity highly relies on the concentration of protons and vacancies. 35 Its gas sensing property is restricted by both the poor conductivity and contact between HA particles. Assembling HA nanoparticles onto a graphene matrix can potentially integrate an effective electron transfer medium with rich reactive adsorption sites from both graphene and HA.
In recent years, fabrication of hydroxyapatite and graphene hybrid materials has attracted more and more attention. Zhu et al. fabricated graphene/hydroxyapatite composites via spark plasma sintering and found that their mechanical properties and in vitro biocompatibility were enhanced. 41 However, this method requires high temperature, and the hierarchical morphologies and structures inside the composites are difficult to control. Compared to this method, biomineralization is a competitive way in synthesizing graphene/hydroxyapatite. In this method, various biomolecules are utilized to functionalize graphene and introduce oxygenated species, such as hydroxyl groups, sulfate groups, and phosphate groups, [42] [43] [44] [45] [46] [47] which can provide nucleation sites for the formation of HA. Polydopamine, a mimic of the specialized adhesive foot protein, Mefp-5 (Mytilus edulis foot protein-5), 48 exhibits an adhesive versatility with various metal ions owing to its abundant catechol moieties. It is suitable for the formation of hydroxyapatite by co-precipitation of calcium and phosphate ions. 49 Park et al. reported a mussel-inspired and polydopamine-assisted method for the mineralization of hydroxyapatite on scaffold materials. 50 Simultaneously, graphene oxide can be reduced to graphene with dopamine. 44 Therefore, in this work, hydroxyapatite/graphene (HA/GR) composite materials were synthesized through chemical precipitation (cHA/GR) and biomimetic (bHA/GR) methodologies, with the aid of dopamine. The gas sensing properties towards gaseous ammonia were investigated.
Results

Microstructure characterization
After the reduction and mineralization process (see the Experimental section), the obtained composites have two distinguished morphologies. The cHA/GR composites prepared by the chemical precipitation methodology exhibit needle-like HA crystals which appear to be closely attached to graphene flakes. Fig. 1a shows that HA crystals are 60-120 nm in length and 5 nm in diameter. Following the immersion in 1.5 × SBF (see the Experimental section) for 15 days, HA micro-spheres are formed with a diameter of 3μm, which appear to be wrapped by the graphene network, as shown in Fig. 1d and f. It can be clearly seen that HA agglomerates show interconnected and porous structures.
The TEM results reveal the oriented nucleation and epitaxial growth of the assembled hydroxyapatite in both cHA/GR and bHA/GR composites. The selected area electron diffraction (SAED) patterns are shown in Fig. 1b and e. The diffraction dots show (100) and (110) planes of GO and the diffraction rings correspond to HA hexagonal phases. HRTEM images at the HA/GR interfaces disclose the crystallographic orientation ( Fig. 1c and f ). HA grows along the (211) plane, which has a lattice spacing of 0.283 nm. There is a similar research revealing the interface structure of HA/GR composites, which shows that the (300) plane of HA superimposed on the surface of graphene sheets, and (002) plane preferentially matches with the cross-section of graphene sheets. 51 In this work, at the crosssection of graphene flakes, the multilayered walls are exposed to an interspacing of 0.356 nm, and form an angle of 26°with the (211) plane ( Fig. 1c ). For hexagonal HA crystals, the angle between the (300) and (211) planes is 25°. Therefore, it is more likely that the (300) plane of HA is parallel to the surface of graphene walls, and the open ends of graphene multi-sheets form interfaces with the (002) plane of HA crystals. These results are in good accordance with the findings on the combination pattern of graphene and hydroxyapatite crystals reported before, 51 and the formation mechanisms will be discussed later in this article.
Phase constitutions
The composition and phase structures of HA/GR composites are shown in Fig. 2 . Graphite oxide (GO) has a peak centered at 2θ = 9.3°, corresponding to the (002) plane. After chemical reaction with dopamine, graphite oxide is reduced to graphene (fGR) with a characteristic peak at a 2θ of 24.4°. The composite materials, both cHA/GR and bHA/GR, show the main charac-teristic peaks of the hexagonal HA phase (JCPDS card no. 09-0432).
Broad diffraction peaks in both patterns demonstrate that HA particles are not well crystallized. Apparently, HA in bHA/GR has sharper peaks, suggesting it has a higher crystallinity than that in cHA/GR. Additionally, the peak at about 25°corresponding to the (002) plane of GR can be distinguished in the patterns of cHA/GR, while this peak disappears in bHA/GR, because the intensity of peaks corresponding to HA in bHA/GR is so high that the diffraction pattern of GR is covered.
In order to confirm the reductant function and investigate the mineralization of HA on graphene, Raman spectroscopy, FTIR and XPS were performed in collaboration and supplementary with each other (find more details in the ESI †). The appearance of peaks corresponding to (PO 4 ) 3− in Raman and FTIR spectra suggests the successful deposition of HA ( Fig. S1 and S2 †). Quantitative analysis by XPS shows that HA deposited on fGR is calcium-deficient and much closer to biological apatite found in humans ( Fig. S3a-d †) . Moreover, XPS analysis shows that the relative content of the oxygen atom in fGR declines obviously compared with that of GO, which provides strong evidence for the reduction of GO by dopamine ( Fig. S3e and f †).
Gas sensing property of HA/GR composites
Gas sensing performances of the obtained composites were further explored. It is found, as shown in Fig. 3a and c, that HA/GR exhibits responses to various volatile gases at room temperature, including acetone, methanol, ethanol, ammonia, toluene, heptane and tetrahydrofuran (see Fig. 3a ). Response sensitivities (denoted by S, see the Experimental section) are 35.7%, 41.6%, 38.4%, 69.5%, 36.5%, 49.6% and 35.5%, respectively. Considering that the composites exhibit the highest response to ammonia with good selectivity (expressed by the ratio of the sensitivities between two specific gases, 1-1.96 in this work), the gas sensing performance to ammonia was investigated further. Fig. 3b depicts response-recovery curves of fGR and cHA/ GR based sensors towards ammonia in the detection range of 10-500 ppm recorded at room temperature. It can be clearly observed that the cHA/GR composite based sensor shows a much larger response magnitude at each level of ammonia concentration, compared with fGR based sensors, with a 1.9-2.7 times enhancement in sensitivity. The stability of the cHA/GR based sensor is also investigated, as shown in Fig. 3c . The continual cycles of response-recovery curves are measured by repeated exposure and removal of ammonia gas. The variances of sensitivities (denoted by v, expressed by the standard deviation of the sensitivities in the same concentration level) are 0.0509, 0.0585 and 0.0732 in 50 ppm, 100 ppm and 500 ppm ammonia, respectively. It is proved that the obtained composites have excellent sensing stability towards ammonia.
The composite bHA/GR is also applied in ammonia sensing and compared with that of cHA/GR. As shown in Fig. 3d , it is evident that the response sensitivities of the bHA/GR based sensor are much higher than that of cHA/GR sensors at each ammonia concentration level. The response time is close, but the recovery time of the bHA/GR based sensor is significantly prolonged. The differences of gas sensing behaviours of the composites obtained by precipitation and biomimetic methodologies are mainly attributed to the differences of morphologies and microstructures.
Moreover, the comparison of sensing performances between HA/GR composites and other carbon materials based sensors in recent studies has been made as shown in Table 1 . It is fascinating that HA/GR composites exhibit obvious improvements in performance over the other carbon based materials in recent reports, with both higher sensitivity and lower operation temperature, suggesting the hybrid materials have great potential in a range of applications.
Discussion
In situ synthetic reaction mechanism
Based on the above results, possible reaction mechanisms are proposed for the formation of cHA/GR and bHA/GR composites. As illustrated in Fig. 4 , GO can be simultaneously reduced and functionalized by dopamine. It is reported that dopamine shows self-polymerization behavior in the presence of a Tris-HCl buffer solution, thus it can partially reduce the oxygenated species in GO. In this process, the negatively charged functional groups interact with polydopamine (PDA) through hydrogen bonding or electrostatic attraction. Polydopamine is a mimic of the specialized adhesive foot protein, Mefp-5 (Mytilus edulis foot protein-5), in which the catechol moiety strongly binds to various metal ions. Therefore, the PDA layer on fGR can provide more efficient nucleation sites for HA mineralization. It is worth noting that both the special structures of GR and polydopamine exhibit significant influences on the microstructures of HA crystals. It is reported that polydopamine forms stacked and layered structures, which are held together by strong non-covalent forces, including charge transfer, π-stacking, and hydrogen bonding, with a d-spacing (0.38 nm) consistent with that observed in other π-stacked materials. 56 Graphene is a two dimensional material with a layered structure. The multilayered walls are exposed with an inter-wall spacing of ∼0.34 nm while the lattice spacing of the (002) plane of HA is 0.344 nm. The layered structure of polydopamine and GR induce orientated nucleation and epitaxial growth of HA. As illustrated in Fig. 4 , the (002) plane of HA takes priority to match with the cross-section of both graphene sheets and polydopamine layers, as the lattice mismatches (δ) are respectively 0.01 and 0.1, which are both lower than the incoherence limit of 0.25. Thus a good interfacial bonding can be achieved by the small lattice mismatch, when the (002) plane forms relatively stronger interfaces with the open ends, and the (300) plane matches with the surface of graphene and the polydopamine layer.
There is a classical crystal growth model previously proposed, 57 which is suitable to explain the forming mechanism of HA particles with different morphologies. According to the model, growth units diffuse and collide on the growing surface followed by a reaction. The collision frequency is determined by the diffusion rate of growth units, while the reaction rate is determined by thermodynamic conditions, which is associated with the heat transfer rate in aggregation. In chemical precipitation, as Ca(NO 3 ) 2 is added into the fGR solution, Ca 2+ cations will be attracted and anchored onto hydroxyl groups through electrostatic interactions, and function as nuclei for the crystallization and the growth of HA particles. Ca 2+ can in situ react with phosphate ions via electrovalent bonds to form HA nano-particles. In the process, the solution is under vigorous stirring and fGR is homogeneously dispersed, then isotropic nucleation and reaction controlled growth occur. The particles undergo multiple collisions before getting attached, leading to the formation of a compacted structure, a needlelike morphology, while in the biomimetic method SBF is a metastable solution containing calcium and phosphate ions, which are already supersaturated with respect to the apatite. The strong ionic strength prevents the homogeneous dispersion of fGR, and induces anisotropic nucleation. Additionally, the solution is kept still, so diffusion becomes the controlling step in which particles adhere once they encounter each other, leading to an open structure as shown in Fig. 1d .
In this work, it is demonstrated that HA nano-structures can be formed by two in situ precipitation methods assisted by dopamine. Dopamine can reduce and functionalize GO, and introduce more reactive sites and defects for the nucleation and growth of HA nano-particles. The formation of different HA agglomerates is owing to the differences of the microchemical environment and the crystal growth process.
Mechanism of gas sensing
The fGR behaves like an n-type semiconductor sensor, i.e. the resistance decreases in the presence of ammonia, and electrons dominate in conductivity. After deposition with HA crystals, active adsorption and reaction sites increase. HA acts as anchor to capture ammonia molecules, while GR plays the role of an efficient electronic transmission medium as well as gas sensing. Therefore, there is a good combination of the adsorption capability of HA and the conductivity of GR, and it is exactly the reason for the significant enhancement of the gas sensing sensitivity of the composites. However, there are obvious noises during the desorption process of cHA/GR, because of the existence of grain boundary barriers between HA crystals and GR. Considering the fact that the response sensitivity is obviously enhanced while the response and recovery time is not prolonged, it can be concluded that cHA/GR Fig. 4 Schematic illustration of the mechanism for the orientated nucleation and epitaxial growth of hydroxyapatite in situ on graphene functionalized with polydopamine, and the morphology control during the mineralization in the chemical precipitation method and the biomimetic method.
hybrid materials have more excellent gas sensing behavior than fGR.
It is interesting that the gas sensing sensitivity of bHA/GR (with a specific surface area of 161.67 m 2 g −1 ) is higher than that of cHA/GR, which is with a much lower specific surface area of 20.40 m 2 g −1 . The reason is that bHA/GR has much finer crystals, and the nano-porous structure can facilitate the adsorption and the diffusion of gas. Additionally there are more active reaction sites on the open structure of bHA/GR than in the compacted structure of cHA/GR. The bHA/GR based sensor shows an elongated recovery time, compared with a cHA/GR based sensor, because the adsorbed gas must diffuse out from the interconnected channels of the HA agglomerates, thus it requires much time. Fig. 5 displays a plausible model for the gas sensing mechanism of HA/GR composites towards ammonia. As there are various adsorption sites on the surface of HA crystals, HA can adsorb molecules with positively or negatively charged groups, and can capture gas molecules effectively. To explain the gas sensing property of HA, it is vitally important to understand the conductivity mechanism of HA. Protons are charge carriers in HA crystals at room temperature, rather than calcium cations and phosphate ions. HA crystals display P63/m hexagonal symmetry, and consist of an adaptable framework, penetrated by channels along the c-axis in which protons can migrate. Protons as the charge carriers migrate from OH − to the adjacent PO 4 
In this process, HA crystals act as proton acceptor, and the conductivity decreases due to the increment of charge carriers. Additionally, NO x n− can be incorporated in the lattice of HA crystals. It is more likely that NO x n− will replace OH − on the surface or in the channel of HA crystals, and introduce a slight change of the framework structure. If there is no graphene, carriers must cross interface potential barriers, and increase the electrical resistance of the HA. However, GR, which has a good conductivity, plays the role of an efficient carrier transfer medium. In this work, polydopamine functionalized graphene shows n-type semiconductor properties, that is electrons dominate the conductivity. Under a reducing atmosphere, graphene takes electrons from NH 3 molecules and the resistance decreases. Although graphene has a very large specific surface area, there are not enough active reaction sites towards ammonia, so the gas sensitivity of pure graphene is limited. After the mineralization, HA can provide various adsorption and active sites, and graphene acts as a bridge between HA crystals, and hence charge carriers can transfer more efficiently. It is the combination of the adsorption capability of HA and the conductivity of graphene that leads to the observed excellent gas sensing property of HA/GR composite materials.
Conclusions
HA crystals with different morphologies and structures were assembled upon graphene successfully with the aid of dopamine. The layered structures of graphene and polydopamine induced orientated nucleation and epitaxial growth along the (211) plane of HA. It is proposed that a reaction-controlled growth process occurs in the chemical precipitation method, leading to needle-like HA crystals, while in the biomimetic method, anisotropic nucleation and diffusion-limited growth occur, thus forming microspherical agglomerates. The composites are effective in gas sensing. It was demonstrated that the HA/GR composite has much better sensing performance towards ammonia at room temperature due to the synergy of the adsorption capabilities of HA and the electric conductivity of graphene. For cHA/GR and bHA/GR composites, different gas sensing performances are mainly attributed to the differences in structures and morphologies. bHA/GR composites with much finer crystals and nano-porous structures show a much higher response (improved analytical sensitivity) to ammonia than that of cHA/GR; therefore, the gas sensing properties can be readily adjusted by controlled syntheses of HA/GR composites.
Experimental
Materials
Graphene oxide platelets were purchased from Nanjing Xian Feng Nanotechnology Co., P. 
Synthesize of functionalized graphene based HA composites
Based on an in situ chemical precipitation reaction, the preparation details are listed as follows: Preparation and functionalization of graphene oxide (GO) solution: raw GO platelets were dissolved in DI water by ultrasonic dispersion (10 ml of a 1 mg ml −1 solution). Polydopamine (PDA) coating was performed by mixing the GO suspension (1 mg ml −1 ) with a buffer solution (10 ml of 2 mg ml −1 of dopamine-hydrochloride in 10 mM Tris buffer, pH 8.5) at room temperature. The solution was subjected to centrifugation, and washed with DI water.
In situ synthesis of HA nanoparticles: The concentration of functionalized graphene (fGR) produced by centrifugation was dissolved in 10 mL DI water utilizing ultrasonic dispersion, and 0.0005 mol Ca(NO 3 ) 2 ·4H 2 O was then added. Then 10 mL of 0.03 mol L −1 (NH 4 ) 2 ·HPO 4 solution was added dropwise into the mixture at a pH value of 11. The suspensions were subjected to centrifugation, and washed with DI water and alcohol, respectively. The precipitates were dried at 60°C. The composite prepared by this method is named cHA/GR.
Biomineralization of HA nanoparticles: The concentrate of fGR produced by centrifugation was dispersed in 1.5 × SBF (matrix to simulate body fluids, Na + , 213.0 mM; K + , 7.5 mM; Mg 2+ , 2.25 mM; Ca 2+ , 3.75 mM; Cl − , 221.7 mM; HCO 3 − , 6.3 mM; HPO 4 2− , 1.5 mM; and SO 4 2− , 0.75 mM) solution by ultrasonic dispersion. The solution was incubated in a WAVE bioreactor at 37°C for 14 days. The precipitates were washed and dried at 60°C. The composite prepared by this method is named as bHA/GR.
Materials characterization
The crystalline phases of the composites were verified by X-ray diffraction (XRD) using a Rigaku D/max 2500 diffractometer with CuKα radiation (λ = 1.54178 Å) at 40 kV. The diffraction angles (2θ) were from 5 to 90°in steps of 0.02°. The morphologies of the composites were characterized by using a scanning electron microscope (SEM, NOVA NANOSEM 230). Transmission electron microscopy (TEM) was performed on a JEOL JEM-2100F at 200 kV. Samples were prepared by placing a drop of a dilute alcohol dispersion of the products on the surface of a copper grid. Raman spectroscopy was performed at 514.5 nm by using a Raman Imaging Microscope System (Renishaw RM1000) in a backscattering geometry. Fourier transform infrared spectroscopy (Thermo/USA Nicolet Nexus 670) was performed to identify the functional groups of the composites. The spectra were recorded from 400 cm −1 to 4000 cm −1 . X-ray photoelectron spectroscopy (XPS, Perkin-Elmer, model PHI 5400) was employed to identify the composition and elemental states of the obtained powders. The binding energies were calibrated by the C 1s hydrocarbon peaks. The quantitative analyses and the curve fitting were conducted by the Casa XPS software package. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET, Quantachrome Monosorb) method.
Gas sensing properties of HA/GR composites
Ammonia was chosen as the target gas to study the gassensing properties. The HA/GR was mixed with polyvinyl alcohol to form a paste, and then coated on the outside surface of an alumina tube. A pair of gold electrodes was installed at each end of the ceramic tube. Each electrode was connected with two Pt wires. A Ni-Cr heating alloy coil was inserted into the tube to form an indirectly-heated gas sensor. The structure of the sensor is shown in Fig. 6 . The electrical properties of the sensor were measured by using an intelligent gas sensing system (CGS-8, China). The response of the sensors was calculated using the equation:
where S (%) is the response sensitivity, R a is the sensor resistance in dry air, and R g is the sensor resistance in a target gas. The response time and the recovery time of the sensor are the time required for a change in the sensor resistance to reach 90% of the equilibrium value after injecting and removing the detected gas, respectively.
